In recent years, snake-inspired locomotion has garnered increasing interest in the bio-inspired robotics community. This positive trend is largely due to the unique and highly effective gaits utilized by snakes to traverse various terrains and obstacles. These gaits make use of a snake's hyper-redundant body structure to adapt to the terrain and maneuver through tight spaces. Snakeinspired robots utilizing rectilinear motion, one of the primary gaits observed in natural snakes, have demonstrated favorable results on various terrains. However, previous robot designs utilizing rectilinear gaits were slow in speed. This paper presents a design and an exaggerated rectilinear gait concept for a snake-inspired robot which overcomes this limitation. The robot concept incorporates high speed linear motion and a new multi-material, variable friction force anchoring concept. A series of traction experiments are conducted to determine appropriate materials to be used in the friction anchor design. The gait concept includes four unique gaits: a forward and a turning gait, which both emphasize speed for the robot; and a forward and turning gait which emphasize traction. We also report a comparative study of the performance of prototype robot designed using these concepts to other published snake-inspired robot designs.
Introduction
In observation of natural snake locomotion, four distinct gaits can be identified: (1) concertina, (2) crotaline (or sidewinding), (3) lateral undulatory (or serpentine), and (4) rectilinear progression [1, 2] . During concertina motion, the snake compresses its length and while using its tail as an anchor, stretches its forward section outward or upward to grasp the terrain and pulls itself forward. This gait is mainly observed when the snake is confined in a channel or when it is climbing trees. Sidewinding motion can be identified by the parallel tracks left on smooth and uniform surfaces, such as sand. The tracks are the result of only two short portions of the snake's body being in contact with the terrain while the rest of the body is lifted and positioned to the next set of contact points in the path. Serpentine motion is described by a series of S-shaped, sinusoidal-like curves, formed by the snake's body while moving forward. The snake advances by pushing laterally against small discontinuities in the surface. Finally, rectilinear motion is described as the whole snake moving forward along a straight line, sliding against the terrain. Of the four locomotion gaits, rectilinear and serpentine are the two most utilized for snake-inspired robot platforms [3] .
Serpentine motion is widely implemented in snake-inspired robots through the use of passive wheels on each segment of the robot [3] [4] [5] [6] . The wheels simulate discontinuities in the terrain, allowing the snake robot to smoothly progress across the terrain. However, this type of locomotion may be limited to terrain types that allow for free rotation of the passive wheels or slippage. In contrast, robots that emulate rectilinear motion are able to function without any segment modifiers and perform well on various terrain types. Examples of these robots include: the Carnegie Mellon University (CMU) Modular Snake robots, M-TRAN, PolyBot, CONRO, GMD-Snake, NEC Quake Snake and the Snake robot introduced by Dowling [7] [8] [9] [10] [11] [12] [13] . The PolyBot, CONRO and M-TRAN are reconfigurable robots capable of performing locomotion inspired by snakes. In addition, rectilinear motion allows robot platforms to traverse rough terrain types while remaining very stable. This stability is the result of the majority of the robot remaining in contact with the terrain at any given time.
Many published snake-inspired robots mimic rectilinear motion by propagating a vertical wave from the aft end of the robot to the front using its segments. This motion results in forward progression of the robot through the lifting and displacement of adjacent segments relative to one another as the wave passes through the body. However, much of the motion observed in the robot throughout the gait cycle is normal to the surface being traversed and does not directly change the forward position. Therefore, these gaits tend to be highly energy inefficient and limited in terms critical performance factors, such as, range. As a result, heavier power supplies will need to be incorporated to increase range, which will require larger motors to carry the increased load. Ultimately, the entire robotic system will be required to be larger, resulting in a platform which is unsuitable for use in small, tight enclosed spaces.
In previous work we introduced a new concept for a snake-inspired robot platform and associated gaits, designed for high speed motion [14, 15] . Our design applies exaggerated rectilinear gait motion in a straight line and executes at high extension and contraction rates, while maintaining a relatively small cross section. We developed a dynamics model capable of analyzing gait motion for a robot with a variable number of modules. We also demonstrated four exaggerated rectilinear gaits: a forward and a turning gait that emphasize robot speed; and a forward and turning gait that emphasize traction. An example of our rectilinear gaits is presented in Fig. 1 . Fig. 1 illustrates a high speed forward gait and is described by: (1) gripping the terrain at the aft end of the robot to prevent backwards movement; (2) rapidly expanding all internal segments; (3) gripping the terrain at the forward end of the robot to prevent movement of forward end; and (4) rapidly contracting all internal segments, resulting in a large forward displacement of the robot.
In this paper, we expand that work by (1) performing and presenting a set of traction experiments conducted on multiple surfaces, using multiple friction materials and multiple friction anchor engagement angles; (2) presenting a new design for our friction anchor concept, which allows the anchor to rapidly change friction anchor material for better performance on different terrains; and (3) conducting a comparative analysis of the performance of our design to other published works. 
Related Work
The latest work from Choset's group is the introduction of a "Unified Snake" design by Wright et al. in 2012 [16] . The Unified Snake includes advanced electronics and software, a full suite of diagnostic and external sensors and SMA wire actuated bi-stable joint brakes [16] . In terms of sensors, the robot design includes a three-axis accelerometer and gyroscope, temperature, humidity, motor current, module position sensors and a head mounted camera with LED illumination. The novelty of the joint brake is that while the brake requires energy to engage/disengage, it requires no energy to hold the joint position or allow free movement. This feature allows the robot to lock into a position, such as wrapped around a tree limb for long periods without power consumption from the joint actuator. The brake is actuated using a pair of shape memory alloy (SMA) wires.
The concept of executing rectilinear motion through pure linear expansions and contractions of segments is not new. One of the earliest examples is the Variable Geometry Truss (VGT), introduced by Chirikjian and Burdick. The VGT consisted of a longitudinal repetition of truss modules, each one equipped with idler wheels and linear actuators in a planar parallel manipulator configuration [17] . Each idler wheel was actually a rubber wheel with a ratchet shape, which allowed rolling only in one direction, to simulate the function of snake scales. One of the gait types analyzed using this platform used traveling waves, similar to rectilinear motion, where a wave is propagated through the length of the robot to propel it forward.
The first generation of the PolyBot reconfigurable robots, dubbed the Polypod, was a bi-unit modular robot, meaning the robot was composed of two types of modules [18] . The two types were the segments, 2-Degree of Freedom (DOF) parallel mechanisms, and the nodes, rigid cubes which supplied power and provided six faces for non-serial combinations of segments. Kinematically, the segments were similar to an output link actuated by two prismatic joints. The prismatic joints are connected to the base and output links through passive revolute joints, allowing prismatic and revolute motion for the output link. The Polypod is the most similar to our design of the surveyed works. Both are bi-unit modular configurations, in which one module acts as a joint module capable of linear and revolution motion.
The Slim Slime robot was an Active Chord Mechanism (ACM) made up of six expandable modules, driven by linear pneumatic actuators [19] . Each module of the Slim Slime was composed of three flexible pneumatic actuators, bellows, and a main distribution tube. Each module was able to stretch and bend in any direction due to the bellows being able to stretch, shrink and lock its length. The robot demonstrated a maximum forward velocity of approximately 60 mm/s.
Chen et al. introduced a rectilinear gait-based model for propagating a wave through expansion and contraction of the segments along the length of a 1-DOF inchworm robot [20] . The inchworm robot was composed of actuating modules which deformed along the length of the robot (extensors) or grip against walls in the robot's environment (grippers). The model, based on finite state, focused on the movements of a multi-segment inchworm-like robot capable of only 1-dimensional motion in a confined channel. Through the use of the extensor and gripper actuators, the robot advanced or retreated. In the model, extensors and grippers are modeled only with binary values states "0" and "1". The model generated actual gaits for the inchworm robot through exhaustive search path finding algorithms applied to graphical representations of all the possible body segment states. Building from the concepts developed in the 1-DOF inchworm robot, the authors developed a planar inchworm robot, called Planar Walker [21] . The unique configuration of the Planar Walker allowed the robot to quickly change the direction of travel, as well as, traverse forward, backward, and sideways using the same snake or inchworm-like creeping motion demonstrated by the 1-DOF robot. Gripping the terrain was accomplished by pneumatic suction/gripper modules mounted below each of the linear actuators. The gait generation approach was expanded and applied to the architecture of the planar inchworm robot, generating new forward gaits and turning gaits [22] .
Another example is provided by the Telecubes, a set of self-reconfigurable robots. The Telecubes were able to assemble into a platform which could mimic rectilinear motion through a traveling wave due to expansions and contractions along the collective length of the robots [23] . Each Telecube robot possessed six telescopic joints which allow the unit to expand or contract each face of the cube, independently. Each face of the cube was able to connect/disconnect from the faces of neighboring robot.
In addition to the rigid body robot designs, which emulate snake or inchworm motion, there also exist several examples of soft body robots that mimic earthworm motion. The gait motion exhibited by our robot design closely relates the peristaltic crawling motion observed in these soft body robots. One such example of this class of robot is given by a micro-robot fabricated from a natural rubber, which contains a magnetic fluid [24] . The robot is placed inside a tube and as a magnetic field moves along the length of the tube; segments of the robot bugle out and contract in sequence causing the robot to inch forward. Seok et al. introduced a Shape Memory Alloy (SMA) earthworm robotic platform which utilized a flexible braided mesh-tube structure with NiTi coil actuators [25] . Due the entire robot being constructed from the flexible mesh, it was able to continue to function following multiple hammer strikes by a rubber mallet. Boxerbaum et al. developed a robot composed of a braided mesh of brake cable sheathing with steel cables running through the sheathing to individual hoop actuators [26] . The novelty of this design was that a single cam mechanism drove all actuators within the robot and created two traveling waves along the length of the robot. A final example is provided by Jinwan Lim et al. in the form of a pneumatic inch-worm which uses only one pneumatic drive [27] . As air flows into each chamber of the robot, it sequentially engages the rear clamp, the elongation module, and the front clamp, causing the platform to progress forward.
A rectilinear gait was introduced and analyzed by Merino et al. in 2004 based on the propagation of a continuous vertical pulse (perpendicular to the terrain) for a discrete modular snake-inspired robot [28] . The gait was demonstrated on a redundant robot with 1-DOF modules capable of forward motion. Through analysis of the gait, the theoretical velocity of a robot using the gait was determined, as well as, the distance progressed by the robot per cycle of the gait. The concept of a traveling wave has also been addressed in gait models by others, such as Poi et al. [29] [30] [31] [32] [33] [34] . In 2011, we modified the gait introduced by Merino et al. and developed a complete kinematics and dynamics-based model for simultaneous optimization of gait and robot parameters [35] .
In 2006, Andersson introduced a method for generating a rectilinear gait using a pulse traveling through a finite continuous snake-inspired robot [36] . As with Merino's gait, a bump is generated along a given path at the tail end of the robot and then propagated forward along its body. The propagation of the robot can be determined by the change of position of the tail with respect to the 1-dimensional path of the robot. After the completion of a cycle, every point of the snake would have advanced the length of a stride along the arbitrary path.
In addition to advanced robot design, CMU also introduced a simplified motion model for snake robots gaits [37] . The model outputs a close approximation to robot motion and does not consider the true forces acting on the robot or the true shape of terrain that the robot traverses. In this manner, the model provides a computationally inexpensive method for predicting gait behavior, while remaining reasonable accurate. The model was designed for snake robots with architectures that consist of revolute joints alternately oriented in the lateral and dorsal planes of the robot such as [16] . The model uses a framework called the compound serpenoid curve, which models gait using separate parameterized sine waves that propagate through the lateral (evennumbered) and dorsal (odd-numbered) joints. This framework allows for modeling several gaits, including rolling, sidewinding, slithering and rectilinear motion.
Robot Concept and Model
The concept for the new snake-inspired robot design centers about the ability of the robot to rapidly expand and contract its segments linearly. The concept also employs a method of anchoring the robot to the terrain through frictional forces to provide traction on multiple surfaces. Our design for a robot platform based on this concept is illustrated in the top image of Fig. 2 . In order to properly fabricate a prototype based on this design, we must first understand the forces generated in the robot throughout gait execution. We address this need through the development of a dynamics model of the robot. In addition, the model is capable of being directly applied to a platform with a variable number of modules. The model treats the snake-inspired robot as a serial robot capable of planar motion, shown in the bottom image of Fig 2. Note that while the robot design is capable of more than planar motion, the gaits described in this work are planar only. Therefore, the dynamics model will only represent the planar motion. The "base" of the serial robot is defined as a quasi-link between the anchoring mechanism and the terrain, during anchor engagement. At any point in time, at least one anchoring mechanism is engaged with the terrain. To account for the variable number of modules, the Lagrangian formulation [38] for serial robotics was chosen to model the robot. This formulation was selected due to the fact that the Lagrangian formulation of the manipulator inertia matrix and velocity vector allows for simple addition and subtraction of robot links while the equations of motion remain closed form.
We developed the robot dynamics model by first defining simple physical representations of the robot Friction Anchor (FA) and joint modules, as observed in the bottom image of Fig 2. Next we defined the physical and D-H parameters for each module as presented in [15] . We then combined a single FA and joint module to form a 1-module robot model and found the equations of motion. Additional joint modules were added to this model until apattern emerged. This pattern is used to derive the equations for an n-module model. Based on the D-H parameters of the modules, the link rotational matrices, R, and position vectors, p, for the n-module model are defined and presented in [15] .
The vector of joint torques, Q, is found using Eq. 1 [38] . Where, M is the manipulator inertia matrix and h is the total number of joints, q, defined as h = 2n+2. The velocity coupling vector, V, is found by taking the partial derivatives of the M with respect to the joint variables in accordance to Eq. 2 [38] . Note, due to the planar nature of the robot model, there are no gravitational terms. Therefore, the vector G is zero. 
The matrix M is defined by the following set of equations: 
Where, yc 1+2m and zc 2+2m are the inertia tensor elements at I yy for link 1+2m and I zz for link 2+2m, respectively, at their centers of mass. The mass for link 1+2m and link 2+2m are given by lm 1+2m and lm 2+2m , respectively. The matrix Jν i is defined as:
Where, , which is a position vector defined from the origin of the j-1 link frame to the center of mass of link i and expressed in the base frame [38] . Defining the position vector for each j-1 link frame is an iterative process and is described by the following procedure: Where, r i is the distance from the link frame to the center of mass for link i. This completes the procedure for defining the dynamics equations of motion for the general robot model. The nmodule dynamics model was validated by solving the joint reaction forces for an example 3-module robot model, illustrated in bottom image of Fig. 2 , and comparing the reaction forces to those computed by the Mechanism Analysis suite of Pro/Engineer Wildfire 4.0. However, for the sake of brevity, this validation is not shown in this work. The reader is encouraged to consult [15] for more details regarding the validation.
Extension and Contraction Mechanism
In order to achieve the functional requirements of the new robot and gait concept, the snakeinspired robot platform must be able to perform high speed linear expansion/contraction and pivoting motions between segments. A solution was found in the form of a new 2-DOF parallel mechanism. Advantages over adding independent prismatic joints to traditional snake-inspired robot architecture include: (i) high speed linear motion, (ii) compact design, and (iii) scalable design. Also, due to the variety of torque-speed ranges available for micro and standard size servomotors, the speed and torque capabilities for the 2-DOF mechanism are modifiable without impacting the physical size of the mechanism.
The conceptual design of the new parallel mechanism is based on the coordinated movements of the output of the two scotch yoke-like mechanisms. The outputs of the scotch yokes move a common link (parallel mechanism output link) in a linear fashion or pivot appropriately (if properly constrained). In order to transition this idea into a working concept, several concept configurations for coupling the scotch yoke mechanisms were considered. Most of the configurations were quickly eliminated due to the fact that the output link would be over constrained or under constrained. However, four promising configurations were identified which may meet the design intentions needed for the joints of the robot. For the sake of brevity, only a description of the selected mechanism is presented, shown in Fig 3. The reader is encouraged to consult [14] for descriptions of the other options. Two identical parallel mechanisms are assembled together to form a single joint module, illustrated in the top center image of Fig. 4 . The orientations of the two mechanisms are offset 90° apart about the x-axis (direction of the linear expansion) of the module and the mechanisms are assembled in a back-to-back arrangement. The linear displacement of the module is the result of the sum of linear expansions from both parallel mechanisms, seen in Fig. 4 top right. In addition, one mechanism is capable providing yawing motion and the other provides pitching motion for the module, Fig. 4 top left. This configuration allows all joint modules to contribute to the expansion-contraction capability of the robot, significantly increasing its speed.
We developed the geometric relationships for the parallel mechanism based on the representation in Fig. 3 . From these relationships, the kinematics and dynamics equations of motion are determined. The x-position of point A and an orientation angle β define the position and orientation of the output link. Using the positions of A (x A , y A ) and B (x B , y B ) , the orientation angle β can be calculated. Note that point A can only move in the x-direction due to the constraint imposed by the prismatic joint, therefore y A is a constant. Therefore, the 2-DOF motion can be defined by two unknowns. From the geometry of Fig. 3 , a vector-loop equation can be written as shown in Equation 13 and expressed in the fixed coordinate frame in Equation 14 . . 90   2  2  2  2  2  2  2  2   2  2  2  2  2  2 (17) After eliminating the passive joint angle, ψ 2 , and passive prismatic joint, the geometric relationship given:
From the geometric expressions in Equations 15 and 18, the kinematics equations and the Jacobian matrix for the mechanism were directly developed. The inverse dynamics are formulated using the Lagrangian approach [38] . The derived equations of motion were validated against results generated by the mechanism analysis suite of Pro/Engineer Wildfire 4.0. For the sake of brevity, these equations are not presented.
Multi-Material Variable Friction Anchor
In this work, we utilize friction as a method of momentarily anchoring the terminal ends of the robot to the terrain. This provides traction for the robot when executing gaits. The disengaged and engaged modes of FA module are illustrated in the bottom left and bottom center images in Fig. 4 , respectively. The friction force between the anchor and the terrain is increased or decreased by varying the friction anchor engagement angle, θ FA , as demonstrated in [15] . Note that the contact area (friction pad) of the friction anchor has a much higher coefficient of friction with the terrain than the rest of the robot's surfaces. In addition, our new multi-material friction anchor design is also able to vary the friction pad material. Observing the bottom center and bottom right images in Fig. 4 , the new anchor design includes a powered rotating drum on the end of the anchor arm. The drum has several friction pads (different material types) attached to the outer surface, allowing the mechanism to select an appropriate material.
In order to decide which materials to include in the multi-material friction anchor, we conducted an experimental traction study. While we have conducted similar studies in the past, these experiments were limited to one terrain and one friction anchor engagement angle (θ FA ) [14] . In this study, we observe combinations of five friction pad materials, over five terrain types using three friction anchor engagement angles. These options result in a matrix of 75 combinations. In addition, three trials are conducted for each combination resulting in a total of 225 traction experiments. The friction pad materials evaluated include: Al 2 O 3 paper 220 grit (M1), Al 2 O 3 paper 60 grit (M2), Green Dot TM traction compound (M3), fine emery cloth (M4), and Skid Guard TM tape (M5). The terrains evaluated include: carpet (T1), vinyl flooring (T2), asphalt (T3), plywood (T4), and simulated grass (T5). Simulated grass was chosen over real grass due to the fact that the random terrain would skew results between trials. Finally, the three FA engagement angles chosen were 15°, 25°, and 35°. In the past we evaluate the results in terms of the velocity, however this method introduces errors resulting from measuring time as well as measuring distance. In this study we will evaluate results based on actual distance travelled over predicted distance travelled for a set number of cycles. The predicted distance travelled is based on the maximum displacement per cycle for the prototype robot test unit given ideal traction with the terrain. The prototype unit consisted of one joint module and two multi-material friction anchors. The test unit has a maximum displacement of 76 mm per cycle and will perform three cycles per trial to obtain an average result. The traction experiment results are presented in Table 1 . For the results, 1 is considered ideal traction and 0 is no measurable traction observed.
Observing the results in Tables 1, almost all the tested materials perform satisfactory on carpet; however, fine emery cloth performed the best using a 15° engagement angle. The trials conducted for vinyl flooring, asphalt, and simulated grass all indicated that the Green Dot TM material performed the best. While the performance for Green Dot TM on asphalt and simulated grass was only satisfactory (about 60% of ideal displacement), this was the only material to gain traction at any engagement angle on these terrains. Finally, the Skid Guard TM tape material consistently outperformed the other materials on plywood. From these results, we decided to include three friction pads: Skid Guard TM , Green Dot TM , and fine emery cloth on each FA to provide significant adaptability for the robot platform.
Rectilinear Gaits and Their Performance
In order to take advantage of rectilinear motion and utilize it in the high speed snake-inspired robot design, a new exaggerated rectilinear gait class is devised. In this section, we present descriptions and gait sequences for four specific gaits of the new rectilinear class. The four gaits include: forward and turning gaits for high speed motion; and forward and turning gaits for high traction. A scheme was developed to map the gait sequences to joint motion as input for the general robot model, presented in Section 3 [15] . This enables the calculation of the joint forces and torques required to execute the gaits on a given robot platform. In order to demonstrate the gait class, a prototype of the robot design, Robot with Rectilinear Gaits for Ground operations (R2G2), is fabricated and is presented in Fig. 1 . The prototype has a cross section of 70 x 70 mm, a contracted length of 1003 mm, an extended length of 1384 mm, and a mass of 2.5 kg.
The concept for the proposed high speed forward gait, illustrated in Fig. 1 , is similar to the gait used by the robots introduced by Chen et al. [19] . The primary difference is that while Chen's design and gait seem to emphasis modularity, the gaits presented in this work focus on the motion of the snake-inspired robot as a whole. The proposed gait does not move one module at a time, rather it expands and contracts all the modules simultaneously during a global robot cycle. While we do recognize that Chen's gait has advantages, such as, minimum slippage, the goal of this gait design was speed. The maximum speed observed for R2G2 for this gait is 414 mm/s.
The concept for the turning gait for the proposed high speed robot is unique, illustrated in the left image of Fig. 5 ; although it does somewhat resemble the global motions demonstrated in the turning gait for the planar inchworm robot introduced by Chen et al [21] . The gait sequence is described by: (1) gripping the terrain using the aft FA to prevent movement; (2) rapidly curling the robot in the direction of turning using the joint modules; (3) gripping the terrain using the forward FA; and (4) rapidly returning the joint modules to their nominal position, resulting in the front of the robot facing the intended direction of turn. The maximum turning rate observed for this gait is 14 deg/s. The first two gaits are efficient on terrains, where use of the FA is sufficient for effective traction. However, on smooth, hard terrains the use of the friction anchor alone may not be effective. Therefore a high traction gait was developed which uses the ability of the snakeinspired robot to shift its center of mass to provide additional traction. The high traction forward gait follows the same sequence as the high speed gait. However, instead of extending to the full length, the robot extends its forward half first followed by the aft half in order to provide additional traction. The gait concept is illustrated in center image of Fig. 5 . The maximum speed observed for R2G2 for this gait is 167 mm/s.
In similar fashion as the forward gait, a high traction turning gait was developed to traverse terrain, such as hard or smooth surfaces, which may prove difficult for the high speed turning gait. The high traction turning gait is actually a version of the high traction forward rectilinear gait described above, which can be described as the robot crawling around the perimeter of a circle. The gait concept is illustrated in right image of Fig. 5 . The maximum turning rate observed for R2G2 for this gait is 5 deg/s.
Of the four gaits, the high speed forward gait is obviously the fastest theoretical and demonstrated gait. In order to better understand how our work contributes to the field of snakeinspired robotics, we compared the maximum forward gait speed for R2G2 and the robot's physical dimensions to data [3] for several well-known snake-inspired and snake-like robot platforms. From this, we determined that our design was near the mean in terms of crosssectional area and near the top of range of demonstrated speeds. Therefore, we conclude that our design meets our goal of a high speed, compact platform.
Conclusions
Our design for a snake-inspired robot platform employs a high speed, compact drive mechanism and a new multi-material variable friction anchoring concept. In support of the new anchor design, we conducted a traction study using various materials, terrains and engagement angles to determine a favorable set of friction pads for general use. Our design also utilizes a new class of exaggerated rectilinear gaits, capable of high speed motion. A general robot model of our design using n-modules has been developed based on Lagrangian dynamics. Finally, we compared the performance of R2G2 to other published works.
While the new robot model can be effectively used for analysis of the four locomotion gaits introduced in this work, the model is limited to planar motion only. Our design for the snakeinspired robot is physically capable of spatial motion, such as crossing gaps or inclines. Therefore, future work will include the expansion of the general robot model to include the
